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Abstract. Ice-nucleating particles (INPs) are known to affect
the amount of ice in mixed-phase clouds, thereby influencing
many of their properties. The atmospheric INP concentration
changes by orders of magnitude from terrestrial to marine
environments, which typically contain much lower concen-
trations. Many modelling studies use parameterizations for
heterogeneous ice nucleation and cloud ice processes that do
not account for this difference because they were developed
based on INP measurements made predominantly in terres-
trial environments without considering the aerosol composi-
tion. Errors in the assumed INP concentration will influence
the simulated amount of ice in mixed-phase clouds, leading
to errors in top-of-atmosphere radiative flux and ultimately
the climate sensitivity of the model. Here we develop a global
model of INP concentrations relevant for mixed-phase clouds
based on laboratory and field measurements of ice nucle-
ation by K-feldspar (an ice-active component of desert dust)
and marine organic aerosols (from sea spray). The simulated
global distribution of INP concentrations based on these two
species agrees much better with currently available ambient
measurements than when INP concentrations are assumed to
depend only on temperature or particle size. Underestima-
tion of INP concentrations in some terrestrial locations may
be due to the neglect of INPs from other terrestrial sources.
Our model indicates that, on a monthly average basis, desert
dusts dominate the contribution to the INP population over
much of the world, but marine organics become increasingly
important over remote oceans and they dominate over the
Southern Ocean. However, day-to-day variability is impor-
tant. Because desert dust aerosol tends to be sporadic, marine
organic aerosols dominate the INP population on many days
per month over much of the mid- and high-latitude North-
ern Hemisphere. This study advances our understanding of
which aerosol species need to be included in order to ade-
quately describe the global and regional distribution of INPs
in models, which will guide ice nucleation researchers on
where to focus future laboratory and field work.
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1 Introduction
In the absence of aerosol particles which can act as ice-
nucleating particles (INPs), liquid water droplets can super-
cool to temperatures below −37 ◦C (Riechers et al., 2013;
Herbert et al., 2015). It is well-known that ice formation fre-
quently occurs at much higher temperatures in many clouds,
indicating that INPs are prevalent in the atmosphere (Choi
et al., 2010; Rosenfeld et al., 2011). In supercooled and
mixed-phase clouds (containing ice and water) INPs cause
clouds to glaciate, which leads to changes in many cloud
properties such as cloud lifetime, their radiative effect on the
atmosphere, and the formation of precipitation through the
Wegener–Bergeron–Findeisen process (Murphy and Koop,
2005; Korolev, 2007) and possibly cloud ice multiplication
processes (Hallett and Mossop, 1974). In the mixed-phase
cloud regime, the dominant freezing mechanism is thought
to be through INPs that are immersed within cloud droplets,
known as immersion freezing (Westbrook and Illingworth,
2011; Field et al., 2012; Murray et al., 2012). Hence, this is
the pathway we focus on in this study.
Heterogeneous freezing in climate models and operational
numerical weather prediction models is usually based on
parameterizations that depend on the temperature (Young,
1974; Meyers et al., 1992) or the size distribution of aerosol
particles as well as the temperature (DeMott et al., 2010).
These parameterizations treat aerosol particles all around the
globe and across seasons as having the same ice-nucleating
properties irrespective of the aerosol chemical composition.
This is an unrealistic assumption that may affect the realism
of mixed-phase clouds in models.
Over the Southern Ocean clouds tend to persist in a super-
cooled state more commonly than models predict (Bodas-
Salcedo et al., 2014), which might be related to the very low
INP concentrations that exist in this region but are not sim-
ulated in models (Bigg, 1973; DeMott et al., 2016). It has
been shown that fewer INPs in the Southern Ocean lead to
less ice and more supercooled water in model clouds, with
a significant impact on the radiative properties of the clouds
(Tan et al., 2016). The variability between different models in
the representation of cloud glaciation can lead to differences
of tens of degrees in the temperature at which clouds glaciate
(McCoy et al., 2015). A better representation of mixed-phase
clouds in climate models is important for climate prediction.
For example, Tan et al. (2016) concluded that the response
of global mean surface temperature to a doubling of CO2
is more than one degree greater when mixed-phase clouds
are better represented. This cloud-phase feedback is particu-
larly sensitive to the amount of supercooled liquid in South-
ern Ocean mixed-phase clouds while most current models are
biased relative to measurements (McCoy et al., 2015).
In the future, regional and global climate models will in-
clude improved representations of cloud processes (Bauer
et al., 2015), including ice processes, so an improved rep-
resentation of heterogeneous ice nucleation will be required
to make the models more physically realistic and correct
some of the main biases. In particular, studies have shown
that clouds are sensitive to INP concentrations, which could
affect the radiative balance of the atmosphere (Zeng et al.,
2009; Hoose et al., 2010b; DeMott et al., 2010; Wang et al.,
2014; Tan et al., 2016). The reliability of such studies will
depend on being able to relate the changes in cloud proper-
ties to emitted aerosol species so that we can attribute future
changes in weather and climate to particular aerosol sources.
Global aerosol models have, for many years, been based on
transported aerosol species from different sources, which en-
ables aerosol radiative forcing to be related to anthropogenic
and natural emissions and their effects on cloud droplet for-
mation (Ghan and Schwartz, 2007; Rap et al., 2013; Carslaw
et al., 2013; Kodros et al., 2015). Our ability to achieve the
same level of realism for ice formation has been much more
difficult to achieve, partly because it has been challenging
to identify species-specific ice-nucleating properties (Hoose
and Möhler, 2012; Murray et al., 2012) and model them on a
global scale.
Previous studies have simulated heterogeneous ice nu-
cleation on a global scale accounting for different aerosol
species (Lohmann and Diehl, 2006; Hoose et al., 2010b, a;
Sesartic et al., 2013; Spracklen and Heald, 2014). These stud-
ies used classical nucleation theory to calculate nucleation
rates using contact angles derived from laboratory data for
each INP species. This approach has the advantage that the
time dependence of ice nucleation is represented (although
temperature is the main driver of nucleation), but when a sin-
gle contact angle is used to describe ice nucleation by a sin-
gle aerosol species, particle-to-particle variability is not rep-
resented (Herbert et al., 2014) as long-time integration will
eventually allow all particles to nucleate ice.
Classical nucleation theory can be extended with a distri-
bution of contact angles to account for differences in the ice-
nucleating ability between different particles within the same
material (Marcolli et al., 2007; Eidhammer et al., 2009; Nie-
dermeier et al., 2011; Broadley et al., 2012; Herbert et al.,
2014) and has been applied in models (Wang et al., 2014).
In addition, it has been shown that representation of the time
evolution of the distribution of contact angles is necessary
to improve the representation of ice formation in a cloud-
resolving model under some conditions using classical nu-
cleation theory (Savre and Ekman, 2015).
The alternative to describing ice nucleation by classical
nucleation theory is to use a singular approximation (Vali
et al., 2015) in which the time dependence of nucleation
is assumed to be of secondary importance compared to the
particle-to-particle variability (just a fraction of particles nu-
cleates ice). This approach has been used to define the pop-
ulation of INPs in previous model studies (Niemand et al.,
2012; Atkinson et al., 2013; Wilson et al., 2015).
The ice-nucleating efficiency using the singular descrip-
tion is defined by a temperature-dependent density (i.e. per
unit surface area) of active sites, (ns(T )) which represents a
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spectrum of active sites with variable characteristic ice nucle-
ation temperatures. The temperature-dependent number of
active sites per surface area can also be normalized to an-
other parameter characteristic of the aerosol population (such
as mass or volume; Murray et al., 2012). From this density of
active sites, one can calculate what fraction of the particles
will nucleate ice at a certain temperature (See Appendix B).
In the case of having different aerosol species, a different
density of active sites for every species has to be defined in
order to account for their different abilities in nucleating ice.
The singular description of ice nucleation is consis-
tent with many laboratory studies showing that particle-to-
particle variability is the main factor driving the measured
spectrum of INP concentrations with temperature (Vali,
2008; Herbert et al., 2014; Vali and Snider, 2015) for most of
the known atmospherically relevant ice-nucleating species.
However, it should be borne in mind that time dependence
could play a role in long-lived stable mixed-phase clouds
where ice crystals are produced over a long period of time
(Morrison et al., 2011; Murray et al., 2011; Westbrook and
Illingworth, 2013; Herbert et al., 2014). Nevertheless, the
singular approach for ice nucleation can be used to ap-
proximate INP concentrations, which can be calculated with
knowledge of the number, size distribution and density of ac-
tive sites of the relevant INP species.
Mineral dust is considered to be the dominant ice-
nucleating species in many parts of the world (Hoose et al.,
2010b; Ardon-Dryer and Levin, 2014; DeMott et al., 2015;
Boose et al., 2016). Satellite measurements have shown a
negative correlation between the amount of supercooled wa-
ter and dust concentration (Choi et al., 2010), suggesting
that dust is important for cloud glaciation. The ice-nucleating
ability of dust has been quantified in several studies (Koehler
et al., 2010; Niemand et al., 2012; Broadley et al., 2012;
Augustin-Bauditz et al., 2014). Atkinson et al. (2013) found
that K-feldspars are far more effective at nucleating ice than
any of the other minerals in desert dust, which is supported
by several later studies (Wex et al., 2014; Harrison et al.,
2016; Zolles et al., 2015; Emersic et al., 2015; O’Sullivan
et al., 2014; Niedermeier et al., 2015; Whale et al., 2014).
Therefore, the representation of K-feldspar in atmospheric
models is important for obtaining a realistic representation
of ice nucleation by mineral dust. We have previously repre-
sented ice nucleation on a global scale by K-feldspar aerosols
(Wilson et al., 2015; Atkinson et al., 2013). In this study we
will take a similar approach to estimate the contribution of
K-feldspar aerosol to global INP concentrations.
Some marine aerosol particles act as ice-nucleating parti-
cles. Early evidence for a relationship between phytoplank-
ton and marine INPs was found by Schnell and Vali (1975)
and Schnell and Vali (1976), who observed active INPs at
temperatures as high as−4 ◦C in resuspended biological ma-
terial, largely from phytoplankton filtered from bulk sea wa-
ter. A relationship between the amount of biological ma-
terial and the INP concentration was also measured in sea
water and fog water by Schnell (1977). More recent stud-
ies have measured ice nucleation by Thalassiosira Pseudo-
nana (a ubiquitous species of phytoplankton) diatom cells
(Knopf et al., 2010; Alpert et al., 2011) and exudates (Wilson
et al., 2015). However, these studies measured ice nucleation
at significantly lower temperatures than those measured by
Schnell and Vali (1975), and Schnell and Vali (1976), sug-
gesting that more active INPs could be associated with phy-
toplankton material in the ocean. This would be supported
by a previous measurement of ice-nucleating bacteria asso-
ciated with phytoplankton cultures (Fall and Schnell, 1985).
Further evidence for the biological origin of marine INPs is
the heat sensitivity of some types of organic INPs; i.e. the
temperature at which they nucleate ice is reduced after heat-
ing to 100 ◦C (Wilson et al., 2015; Schnell and Vali, 1975,
1976). The likelihood of a marine source of INPs was high-
lighted in studies that measured INP concentrations in en-
vironments remote from other sources of INPs (Bigg, 1973;
Schnell, 1982; Rosinski et al., 1986; Bigg, 1996; Rosinski
et al., 1987, 1988).
The first global simulation of marine INP concentrations
(Burrows et al., 2013) suggested that marine organics were
likely to be the dominant source of INPs over remote marine
regions such as the Southern Ocean. Other studies provide
further strong evidence that there is a marine source of atmo-
spheric INPs with a biological origin. For example, INP pro-
duction associated with phytoplankton blooms has been mea-
sured in laboratory experiments that use artificially generated
sea-spray aerosol from wave and bubble tanks (Wang et al.,
2015; DeMott et al., 2016). DeMott et al. (2016) measured
the INP concentrations in laboratory-generated sea spray as
being consistent with measurements made by Bigg (1973) as
well as with measurements of ambient INP concentrations
in marine-influenced air. Wilson et al. (2015) found that the
sea-surface microlayer is enriched with INPs compared to
subsurface seawater at the same locations. The sea-surface
microlayer is enriched with surface active organic material
similar to that found in sea spray (Cochran et al., 2016; Gantt
et al., 2011; Quinn et al., 2014; Aller et al., 2005; Orellana
et al., 2011; Russell et al., 2010; Cunliffe et al., 2013). A cor-
relation between total organic carbon content and the tem-
perature at which microlayer droplets froze was measured
(Wilson et al., 2015).
All the above evidence suggests the existence of a ma-
rine organic source of ice-nucleating particles that we will
attempt to represent in this paper.
Here we conduct a modelling study of global immersion-
mode INP concentrations based on recently developed
laboratory-based parameterizations of the ice-nucleating
ability of two species: marine organic matter and potassium
feldspar (K-feldspar). The objectives of our study are to
(i) determine the ability of laboratory-measured INP efficien-
cies to explain the global distribution of INP concentrations
as a function of activation temperature, (ii) quantify the rel-
ative importance of these two sources of INPs in different
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locations, (iii) determine what fraction of global INP concen-
trations can be explained by these two sources and (iv) deter-
mine whether, within model and measurement uncertainties,
we can use the model results to draw conclusions about ad-
ditional important sources of INPs.
2 Methods
2.1 Global modelling
We use the GLOMAP-mode global aerosol model described
in Mann et al. (2010). The model has a horizontal latitude–
longitude grid spacing of 2.8◦× 2.8◦ and 31 pressure levels
from the surface to 10 hPa. The species represented in the
baseline version are sulfate, sea salt, black carbon, particu-
late organic matter and dust. In this study we focus on the
representation of two species of relevance to INPs: the K-
feldspar component of dust and the organic component of
primary marine sea-spray aerosols. Aerosol chemical com-
ponent mass concentrations and the particle number con-
centration are represented by seven internally mixed log-
normal modes (four soluble and three insoluble). Aerosol
microphysical processes in the model include nucleation of
new particles by gas-to-particle conversion, growth by co-
agulation and condensation of low-volatility gases, dry de-
position at the surface and below-cloud (impaction) and in-
cloud (nucleation) wet scavenging. Nucleation scavenging is
suppressed for ice clouds, which are assumed to glaciate at
−15 ◦C. A discussion of the nucleation scavenging assump-
tions in our model is included in Browse et al. (2012). Scav-
enging of aerosols by marine drizzle clouds is also included
in the model to improve the predicted concentration in polar
regions, as shown in Browse et al. (2012). The model uses
wind, temperature and humidity fields from the European
Centre for Medium-Range Weather Forecasts (ECMWF).
We ran the model from the year 2000 to 2001 in order to
reach a steady state aerosol distribution before running the
model and then used data from 2001 to 2002.
2.2 Representation of feldspar
Feldspar is emitted in the model as a fraction of the mass
of dust (derived from AEROCOM emissions; Dentener and
Kinne, 2006). The model has been shown to reproduce dust
mass concentrations within an order of magnitude (Mann
et al., 2010; Huneeus and Schulz, 2011). The fraction of
feldspar emitted is assumed to be equal to the fraction by
mass of this mineral found in the soils in the arid emission
regions. This assumption has been shown to be a close ap-
proximation of the fraction of the mineral emitted in the form
of aerosols (Lafon et al., 2004; Nickovic et al., 2012). How-
ever, new studies suggest that there is a difference between
the fraction of the minerals found in the soil after wet siev-
ing and the aerosolized fraction (Perlwitz et al., 2015). This
difference is considered to be small (around a factor of 2)
compared to other errors in our representation of the ice-
nucleating ability of K-feldspar such as differences in the
density of active sites of different types of K-feldspar (around
a factor of 6; Harrison et al., 2016).
Feldspar is emitted into the insoluble accumulation and
coarse modes with fractions corresponding to the clay and
silt size range (Lafon et al., 2004; Nickovic et al., 2012),
similar to the method followed in Atkinson et al. (2013).
However, once in the atmosphere, dust particles (including
feldspar) are aged by condensation of sulfates and secondary
organic aerosol material and moved into the soluble modes,
which are subject to wet scavenging. This process was not
represented in Atkinson et al. (2013), and was likely one of
the causes of the overestimation of dust concentrations in re-
mote locations as discussed in Atkinson et al. (2013). With
this wet scavenging process being active, the concentration
of feldspar in remote places such as the Southern Ocean is
several orders of magnitude smaller than the concentrations
simulated by Atkinson et al. (2013). However, the concen-
trations closer to source regions are very similar to Atkinson
et al. (2013).
Feldspar tends to reside in the larger particles because it
is found mainly in the silt fraction (r > 1 µm; Claquin et al.,
1999). It is therefore removed more rapidly from the atmo-
sphere compared with other minerals that occur preferen-
tially in the clay fraction because removal by dry deposi-
tion increases with particle size. Relatively rapid scavenging
of large feldspar-containing particles means that it is trans-
ported shorter distances compared with smaller dust parti-
cles.
2.3 Representation of marine organic aerosols
Submicron marine organic aerosols are usually parameter-
ized by relating the organic mass fraction observed in sea
spray to some variables such as seawater chlorophyll content
or wind speed (O’Dowd et al., 2015; Rinaldi et al., 2013;
Gantt et al., 2011). With those parameterizations, the flux
of marine organic mass can be calculated in a model with
the flux of submicron sea salt following Eq. A5 (see Ap-
pendix). The performance of any parameterization in repro-
ducing observations of marine organic mass concentrations
will therefore depend on the emission fluxes of submicron
sea spray, which is a highly uncertain model-dependent pro-
cess. Mann et al. (2014) showed that models can have dif-
ferences of more than a factor of 6 in the simulated concen-
tration of particles with a diameter larger than 100nm in the
Southern Ocean. Other uncertainties affecting the modelled
concentrations of marine organic aerosols can arise from re-
moval processes or some other aspect of the model such as
the parameterization of convection and cloud microphysical
processes, or model grid and temporal resolution, as well as
uncertainties related to the organic mass fraction parameter-
ization. Therefore, the performance of any parameterization
in an aerosol model will be affected by the uncertainties re-
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lated to these processes. It is therefore necessary to evalu-
ate and adjust the modelled marine organic concentrations to
match observations.
To represent primary marine organic aerosols in
GLOMAP mode, we developed a parameterization of
the organic mass fraction of submicron sea-spray particles
and adjusted it to fit the observations of water insoluble
organic matter (WIOM) at Amsterdam Island (37.48◦ S,
77.34◦ E) and Mace Head (53.33◦ N, 9.9◦W). We use
observations from only these two stations due to the limited
availability of long-term measurements of marine WIOM.
It is thought that most primary marine organic emissions
are formed of water-insoluble components (Facchini et al.,
2008). The marine organic component is assumed to be
internally mixed with sea salt. The sea-salt emissions in our
model are dependent on the surface wind speed (10 m above
the surface) and follow the parameterization of Gong (2003),
which is an extension of Monahan et al. (1986). The devel-
opment of our new organic mass fraction parameterization,
explained in detail in Appendix A, assumes that the organic
mass fraction of the sea-spray particles depends on wind
speed and the chlorophyll content of seawater. The organic
emission parameterization includes a positive dependence of
WIOM mass fraction on chlorophyll (O’Dowd et al., 2015;
Rinaldi et al., 2013; Gantt et al., 2011), but a negative depen-
dence on wind speed. Thus, the WIOM is essentially diluted
in the sea-spray particles when the total sea-spray emission
flux is high, which may be caused by a limited supply of
organic material in the surface ocean but effectively limitless
salt (Gantt et al., 2011). This parameterization is similar
to previous chlorophyll-based parameterizations such as
Rinaldi et al. (2013) and Gantt et al. (2011) but adjusted in
order to fit the observations in Amsterdam Island and Mace
Head when applied in our model. Our model agrees with the
observed WIOM concentrations within a factor of 2 (Fig. 1)
which is a small factor compared with other uncertainties
related to the calculation of INP concentrations such as the
uncertainty related to the parameterization of the number
of INP per gram of organic carbon in sea water (around an
order of magnitude; Wilson et al., 2015).
The mixed organic-salt sea-spray particles are emitted into
the accumulation mode and treated as water-soluble particles
with respect to their cloud condensation nuclei activity, and
hence they are removed by nucleation scavenging when they
enter a precipitating cloud. This treatment of primary marine
organic mass as being internally mixed with sea salt and able
to activate to cloud droplets is consistent with other previous
studies (Vignati et al., 2010; Burrows et al., 2013; Orellana
et al., 2011; Ovadnevaite et al., 2011; Fuentes et al., 2011;
Partanen et al., 2014). Simulated surface concentrations of
marine organic aerosol mass are shown in Fig. 2.
Figure 1. Evaluation of modelled water-insoluble organic matter
(WIOM) mass concentration with monthly mean observations at
Mace Head (53.33◦ N, 9.9◦W) and Amsterdam Island (37.48◦ S,
77.34◦ E). The dashed lines correspond to a difference of a factor
of 2 between modelled and observed values. The error bars cor-
respond to the simulated daily variability within a month (maxi-
mum and minimum values). Variability in the observed values is
not shown because the measurements were made with filter sam-
ples which were collected over 1 week, and therefore they do not
represent the day-to-day variability.
Figure 2. Annual mean modelled mass concentration of submicron
marine organic aerosol at surface level.
2.4 Calculation of INP concentrations
To quantify INP concentrations from the modelled aerosol
distributions we use the singular description. This method
assumes that the time dependence of ice nucleation plays a
secondary role and that specific particles have a character-
istic temperature at which they nucleate ice. The spectrum
of ice-nucleating properties is often represented as a surface
area density of active sites dependent on temperature, which
is appropriate for solid particles like dust (Atkinson et al.,
2013). For marine organic material the active site density is
defined per unit mass of organic material in the particle (Wil-
son et al., 2015).
The method for calculating ice-nucleating particle concen-
trations from the simulated aerosol size distributions is ex-
plained in Appendix B.
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To represent the ice-nucleating ability of K-feldspar we as-
sume that 35 % of the total feldspar is K-feldspar, as assumed
in Atkinson et al. (2013), then we apply the parameterization
for ns shown in Atkinson et al. (2013). Our method assumes
that different varieties of K-feldspar nucleate ice with the
same efficiency. Different studies have shown that the values
of ns for most types of K-feldspar tend to agree with the val-
ues shown in Atkinson et al. (2013) within a factor of 2 to 4
(Harrison et al., 2016; Emersic et al., 2015; O’Sullivan et al.,
2014; Zolles et al., 2015; Niedermeier et al., 2015; Whale
et al., 2014). However, it should be borne in mind that a mi-
nority of feldspar samples are either much more active or
much less active than indicated by Atkinson et al. (2013).
Nevertheless, the Atkinson parameterization is a good ap-
proximation of the majority of K-feldspars that have been
studied in the laboratory. Assuming that feldspar particles are
externally mixed in terms of their mineralogy, we can use the
laboratory parameterizations to calculate the INP concentra-
tion for each soluble mode, following Eq. B9, as a function of
activation temperature (see Appendix B for the derivation).
For marine organic aerosols, we use the parameterization
shown in Wilson et al. (2015), and apply it to our distribu-
tions of simulated marine organic aerosol mass. We are as-
suming that the organic material found in the sea-surface mi-
crolayer is representative of the organic material in sea-spray
aerosols and that this material has the same ice-nucleating
ability as sea-surface microlayer material. For marine or-
ganic particles the density of active sites per particle is al-
ways small (λ < 0.1 see Appendix B) for the whole temper-
ature range covered by the parameterization (−6 to −27 ◦C)
and all realistic sizes of particle (submicron particles). This
means that we can calculate the INP concentration in a sim-
plified way following Eq. 1 (see Appendix B for the deriva-
tion).
[INP](T )≈ λ(T ) · [N ] (1)
It should be noted that extrapolating this parameterization to
lower temperatures, or for bigger particles, may lead to un-
realistically high concentrations of INPs because Eq. 1 is no
longer valid.
There are two distinct ways of presenting simulated INP
concentrations – either according to the concentration that
an INP counter would measure or the concentration of po-
tential INPs under ambient conditions. An INP is defined as
a particle which has the potential to nucleate ice if exposed
to a specific set of conditions (much like a CCN is defined at
a specific supersaturation). For the immersion/condensation
mode, the INP concentration we quote are for water satura-
tion and for a defined activation temperature. The two ways
of quoting INP concentrations (Fig. 4) are at a specific activa-
tion temperature T ([INP]T ), which is appropriate for com-
parison with an INP instrument set to measure at that tem-
perature, or [INP]ambient for which the activation temperature
is set to the local ambient temperature.
Figure 3. Illustration of the two ways in which we display INP con-
centrations. It is important to bear in mind that INPs are defined as
particles with the potential to nucleate ice and their concentration is
quoted for a specific set of conditions. [INP]ambient, where ambient
denotes the local atmospheric temperature, is a useful way of look-
ing at the INP concentration relevant to non-deep convective mixed-
phase clouds. [INP]T , on the other hand, has utility in representing
the spectrum of INP concentrations over temperature that will in-
fluence clouds with a large vertical extent such as deep-convective
systems. Moreover [INP]T is the relevant quantity when comparing
modelled and observed INP concentrations, since measurements are
made by exposing particles to controlled temperatures within the in-
strumentation.
In Fig. 4 (top) we show the INP concentration for an ac-
tivation temperature of −20 ◦C ([INP]−20) at the 600 hPa
pressure level, which is what would be measured by an INP
instrument set to this temperature. Throughout much of the
globe, especially through the tropics, the temperature at this
pressure level will never reach −20 ◦C, so the INPs at this
altitude that can be active at −20 ◦C or warmer would not
fulfil their potential to nucleate ice. However, if the air at a
particular altitude was drawn into a convective system, the
INPs it contains would activate higher in the cloud. Hence,
when considering a deep convective cloud in which air is
moved vertically through all the temperature range of mixed-
phase clouds, it is the spectrum of [INP]T (a spectrum over
activation temperature) which is the pertinent quantity (see
Fig. 3 for an illustration). In addition, when comparing mea-
surements of [INP] concentration to our modelled [INP], we
compare these quantities at specific activation temperatures.
Hence, Fig. 4 (top) provides the [INP] to compare it to a mea-
surement of [INP] for which the activation temperature in a
measurement was −20 ◦C.
In Fig. 4 (bottom) we plot the [INP] for which the acti-
vation temperature is set to the local atmospheric tempera-
ture. [INP]ambient is useful for identifying regions in the at-
mosphere where we might expect cloud glaciation in stratus-
type mixed-phase clouds. Non-deep convective clouds with
minimal vertical extent, such as altostratus, altocumulus or
high-latitude stratus, form in air parcels which have not been
vertically transported large distances, in contrast to deep
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Figure 4. Annual mean K-feldspar INP distribution using
GLOMAP mode at a pressure level of 600 hpa. Top panel shows
the concentration of ice-nucleating particles active at a temperature
of −20 ◦C ([INP]T ) whereas the bottom panel shows the INP con-
centration at local ambient temperature ([INP]ambient).
convection. Based on Fig. 4 (bottom), we would expect K-
feldspar to contribute much more to midlatitude, mid-level
(600 hPa), mixed-phase clouds in the Northern Hemisphere
than in the Southern Hemisphere.
Both [INP]T and [INP]ambient are useful ways of looking at
the global INP distribution, but in order to understand the im-
pact of these INP species on clouds, we would need a model
in which the INP fields are coupled to cloud microphysics
and dynamics. This is beyond the remit of this study, where
our goal is to understand the global distribution of INPs and
evaluate the model against measurements.
To calculate [INP]ambient, we use the daily mean tem-
peratures obtained from ECMWF and the daily mean con-
centrations (mass and number concentrations) predicted by
the model. The daily values are then averaged to calculate
monthly and annual mean values of INPs. The concentra-
tions of [INP]ambient at temperatures lower than the temper-
ature limit of the parameterizations (−25 ◦C for K-feldspar
and −27 ◦C for marine organics) are set at the value defined
by the concentration at the limiting temperature of each pa-
rameterization. This is consistent with studies that caution
against extrapolating singular parameterizations outside the
range in which measurements were made. For example, Nie-
dermeier et al. (2015) showed that the density of active sites
on the surface of K-feldspar particles plateaus below about
−25 ◦C and a simple extrapolation of the parameterization
of Atkinson et al. (2013) would lead to substantial errors.
3 Results
3.1 Simulated global INP distributions
Simulated INP concentrations at the surface are shown in
Fig. 5 for an activation temperature of −15 ◦C. Feldspar
dominates the INP concentration in environments influenced
by terrestrial dust emission sources such as the Sahara and
the Asian dust belt. However, concentrations fall rapidly with
distance from dust sources because the large-sized feldspar-
containing dust particles are rapidly removed from the atmo-
sphere (Fig. 5a). The concentrations of INPs from K-feldspar
and marine organics are summarized in Fig. 5. Comparison
with panels a and b reveals that INPs from deserts far out-
number INPs from sea spray throughout much of the low
latitudes and midlatitudes, which are strongly influenced by
desert dust, while marine organics are becoming more im-
portant over the world’s remote oceans, such as the Southern
Ocean.
Figure 6 shows the [INP]ambient concentration of marine
organics and K-feldspar for the different seasons. Feldspar
dominates [INP]ambient on a monthly mean basis across the
Northern Hemisphere, while marine organic aerosols tend to
be important in southern high latitudes, such as those corre-
sponding to the Southern Ocean and Antarctica.
The seasonal mean results in Fig. 6 have to be interpreted
with caution since high dust concentrations are often asso-
ciated with episodic dust plumes. Hence, the seasonal mean
may not reflect the relative contributions of desert dust and
sea-spray INPs on a day-to-day basis. In addition, day-to-
day fluctuations in temperature can drive large changes in
[INP]ambient which are not necessarily representative of the
typical concentrations of active ice-nucleating particles, but
will greatly affect the monthly mean value of [INP]ambient,
as the INP concentration increases exponentially with tem-
perature. To account for such variability, Fig. 7 shows the
percentage of days per season when the concentration of
[INP]ambient from marine organics is greater than the concen-
tration from K-feldspar. Overall, over the Northern Hemi-
sphere, marine organic INP concentrations are greater than
K-feldspar INP concentrations between 10 and 30 % of the
days when the temperature is within the mixed-phase range
(0 to −37 ◦C) and the total concentration of [INP]ambient is
larger than 10−4 L−1. This large influence of marine organic
INP is hidden when looking at the monthly mean values
shown in Fig. 6 as the feldspar monthly mean concentrations
are dominated by short periods during which a dust plume
occurs. It is striking that the contribution of marine organics
is more important than K-feldspar on a significant fraction
of days in the Northern Hemisphere because in these zonal
mean plots we are averaging across the Eurasian and North
American continents where the influence of marine organ-
ics is minor. In fact, Fig. 7 suggests that marine organics are
more important than K-feldspar in the North Atlantic, for ex-
ample, on 10–40 % of days at 600 hPa.
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Figure 5. Annual mean distributions of ice-nucleating particles
concentrations, for an activation temperature of −15 ◦C based on
feldspar (a) and marine organics (b). Panel (c) shows the total INP
concentration obtained by summing the INP concentrations from K-
feldspar and marine organics. We show [INP]T for a T of −15 ◦C
because this is a temperature used by many instruments. The num-
ber of INP that activate to ice crystals ([INP]ambient) at the surface
will be zero over much of the globe, because these particles will
only become important at high altitudes. Surface concentrations are
shown because this is where most observations of atmospheric INP
concentrations are made.
In the Southern Hemisphere, the dominance of marine or-
ganic aerosols is more prevalent. On a monthly mean basis
and on the large majority of days, marine organic aerosols
are the dominant INPs from March through to November
(Fig. 6b–d). On the other hand, K-feldspar cannot always
be ruled out as an important source of INPs in the southern
high latitudes in the period from March to November, since
there are still several days per month (10 to 60 %) when the
concentration of transported K-feldspar INPs dominates over
marine organics (Fig. 6). Conversely, during December to
February at southern high latitudes, K-feldspar mineral dust
is more important on more days than marine organic aerosols
(Fig. 7a). This is related to higher dust concentrations during
the austral summer.
3.2 Comparison with observations and other
parameterizations
Some climate models determine heterogeneous freezing us-
ing parameterizations that depend only on the temperature,
(McCoy et al., 2015) such as the scheme of Meyers et al.
(1992). This type of parameterization does not account for
spatial or temporal variations in the aerosol loading and does
not differentiate between different aerosol species; both of
these factors actually determine INP concentrations. Other
parameterizations such as DeMott et al. (2010) use empirical
evidence from extensive atmospheric measurements to define
INP concentrations in terms of the aerosol particle concentra-
tion above a defined size.
Such parameterizations implicitly account for the fact that
many INP-active species are present in larger particles, such
as in dust (Niemand et al., 2012) and biological particles
(Tobo et al., 2013). In addition, larger particles are more
likely to carry nanoscale or smaller ice active materials
(O’Sullivan et al., 2015). Nevertheless, size-based parame-
terizations of INP concentration do not account for the source
of the particles or differences between marine and terrestrial
aerosols, so they may not capture variations and long-term
trends driven by changes in aerosol emissions since different
aerosol types have different ice-nucleating abilities.
In Fig. 8 we compare several singular INP parameteriza-
tions with observations. Panel a compares the observed val-
ues of [INP]T to those predicted by the scheme of Meyers
et al. (1992), which relates [INP]T to temperature and is in-
dependent of aerosol properties. This is clearly a poor rep-
resentation of many INP measurements in the atmosphere
(Table 1). Figure 8b shows the [INP]T predicted by the pa-
rameterization of DeMott et al. (2010), in which [INP]T is
predicted on the basis of the concentration of particles larger
than 0.5 µm diameter, naer,0.5, and temperature. This param-
eterization tends to overpredict [INP]T , although multiplica-
tive scaling of the simulated values would greatly improve
its performance as it has a better correlation coefficient (Ta-
ble 1). We also note that in our analysis we use the annual
mean naer,0.5 from our model (without the contribution of
sea-salt aerosols), whereas DeMott et al. (2010) used naer,0.5
from measurements coincident with their INP measurements
and obtained a better representation of the [INP]T data (some
of which is included in Fig. 8). Sulfate aerosols contribute
significantly to the simulated naer,0.5 in remote places im-
pacting DeMott et al. (2010) over oceans.
Figure 8c shows how our model compares with observed
[INP]T using the desert dust parameterization from Niemand
et al. (2012) (with no additional marine organic INPs). In this
case some observations are overestimated by a factor 100–
1000, especially those in marine regions (triangles). A sim-
ilar trend is observed when this parameterization is extrap-
olated at higher temperatures. This overprediction is partly
caused by the implicit assumption that all components of dust
particle nucleate ice with the same efficiency. Feldspars exist
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Figure 6. Zonal mean profiles of [INP]ambient for every month of the year. The black contour lines correspond to the INP concentration of
K-feldspar aerosols (m−3), while the colour map shows the INP concentration of marine organic aerosol The values correspond to seasonal
mean values calculated using daily concentrations and temperatures and averaged across latitudes.
Figure 7. Percentage of days when [INP]ambient from marine organic aerosols is greater than from K-feldspar. The number of days have been
calculated only for times and locations where the total [INP]ambient concentration is larger than 0.1 m−3. The black contour lines represent
seasonal mean isotherms in degrees centigrade.
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Figure 8. Comparison of the performance of a variety of INP parameterizations tested against field measurements. (a–d) Modelled INP
concentration values when using (a) Meyers parameterization (Meyers et al., 1992), (b) DeMott’s parameterization (DeMott et al., 2010)
combined with a global aerosol simulation using GLOMAP mode, (c) Niemand dust parameterization (Niemand et al., 2012) and (d) our two-
species representation based on feldspar (Atkinson et al., 2013) and marine organic aerosols (Wilson et al., 2015). Triangles represent marine
influenced regions and points terrestrial environments. The light shaded points in (d) and (e) are for data points outside the temperature range
of the parameterizations. The dashed lines represent one order of magnitude of difference between modelled and observed and the dashed-
dotted lines 1.5 orders of magnitude. The simulated values correspond to an annual mean concentration and the error bars correspond to the
simulated seasonality of INPs calculated with monthly mean values. For each individual observation, we calculated the INP concentration
at the temperature corresponding to the temperature that aerosol particles were exposed to in the INP instruments. The locations of the data
point are shown in Fig. 9.
mainly in the large dust particles (silt fraction) so they are not
transported as efficiently to remote locations as the clay min-
erals; consequently transported desert dust is less important
than an INP in remote locations.
Finally, we compare our two-species representation of
INPs with the same [INP]T data set Fig. 8d. The observations
used in this comparison are within the range of temperatures
of the parameterizations (−5 to −27 ◦C). In this case our
representation of INPs (Fig. 8d) is able to reproduce 56.7 %
of the observations within an order of magnitude and 74 %
within 1.5 orders of magnitude (Table 1). When the param-
eterizations are extrapolated outside their temperature range,
they still perform similarly (Table 1). Looking at the perfor-
mance of the different ways of representing INPs within the
smallest temperature range shared by the all the parameteri-
zations (−12 to −25 ◦C), our representation of INPs is able
to reproduce 61.6 % of the data points within an order of
magnitude and 78.7 % within 1.5 orders of magnitude. These
values are greater than that obtained when using the other
three parameterizations used for this study (Table 1).
The contributions of K-feldspar and marine organics to
the simulated INP concentrations of each data point are il-
lustrated in Fig. 9b. Marine organics explain more than 90 %
of the INP concentrations in marine-influenced environments
and some terrestrial environments with low concentrations
of INPs (corresponding to high temperature observations).
K-Feldspar, however, explains most of the observations in
terrestrial regions. The large biases observed when using
species independent parameterizations over marine regions
are largely corrected, as most marine influenced INP concen-
trations are simulated within an order of magnitude (72 % of
marine points), although some biases are still apparent. Fig-
ure 10 shows the location and temperature of the observa-
tions with a bias greater than 1.5 orders of magnitude. Fig-
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Figure 9. (a) Location of the data used for comparison in Fig. 8. (b) Same as Fig. 8d but showing the relative contribution (in orders of
magnitude) of each aerosol species to the simulated concentration. (c) Same as (b) but distinguishes between the different campaigns shown
in (a) (with the same colours and symbols). References to the data sets used are shown in Appendix C.
ure 10a suggests that the main positive bias occurs at low
temperatures (<−20 ◦C) in locations far from K-feldspar
emission sources, where it is transported. It is possible that
processes such as atmospheric ageing by acids play a role
in modifying the efficiency of K-feldspar aerosols in nucle-
ating ice (Augustin-Bauditz et al., 2014) or that we overes-
timate the amount of feldspar particles that are transported.
One possible explanation for this is that we do not model the
preferential removal of INPs during cloud glaciation; hence
K-feldspar aerosol transported over long distances may con-
tain fewer INPs than our model simulations (Stopelli et al.,
2015; Haga et al., 2014, 2013). Figure 10b shows that the
model underestimates high-temperature INP concentrations
(∼−5 to −15 ◦K) over terrestrial locations, which might in-
dicate that we are missing some terrestrial source that affects
the INP concentration. Some of the possible candidates for
these particles could be bacteria (Möhler et al., 2008; Hart-
mann et al., 2013; Maki and Willoughby, 1978), fungal mate-
rial (O’Sullivan et al., 2015, 2016; Fröhlich-Nowoisky et al.,
2015; Pouleur et al., 1992; Morris et al., 2013), agricultural
dust (O’Sullivan et al., 2014; Tobo et al., 2014; Garcia et al.,
2012) or biological nanoscale fragments attached to min-
eral dust particles (O’Sullivan et al., 2015, 2016; Pummer
et al., 2015; Fröhlich-Nowoisky et al., 2015). However, size-
resolved INP measurements in several terrestrial locations
suggest that a large proportion (40–90 %) of INPs are com-
monly associated with larger particles (diameter> 2.5 µm;
Mason et al., 2016). Such large particles are likely to have
short atmospheric lifetimes, so they are less likely to be trans-
ported to cloud altitudes than smaller particles and are more
likely to be transported shorter distances. In summary, the
overall agreement between the two-species model and obser-
vations is good, but there are significant discrepancies. These
discrepancies indicate that processes such as ageing and pref-
erential INPs in-cloud removal could be important and also
that we could be missing high-temperature terrestrial sources
of INPs in the model.
4 Conclusions
This study is a step towards the inclusion of ice-nucleating
particles in weather and climate models in a way that
accounts for the aerosol chemical composition using
laboratory-derived parameterizations under the singular de-
scription. We find that marine organic aerosols dominate the
concentration of INPs in remote locations like the Southern
Ocean on many days, whereas feldspar particles are the dom-
inant species for ice nucleation in places influenced by the
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Table 1. Statistical performance of the different parameterizations. Pt1 and Pt1.5 are the percentages of data points reproduced within an
order of magnitude and 1.5 orders of magnitude in the temperature range of every parameterization. The number of data points used for
calculating these values is shown under the data points column. The values with ∗ show the same calculation but include data points outside
the temperature range of the parameterizations. These values give an idea of the performance that you would expect if you extrapolate
the parameterizations in a climate model. The values with ∗∗ are for data points within the smallest temperature range shared by the four
parameterizations (−12 to −25 ◦C). The correlation coefficient has been calculated with the logarithm of the values as INP concentrations
vary logarithmically with temperature.
Parameterization Temperature range Data points Pt1 Pt1.5 R Pt1∗ Pt1.5∗ R∗ Pt1∗∗ Pt1.5∗∗ R∗∗
Meyers et al. (1992) 0 to −37 ◦C 479 35.5 % 51 % 0.57 35.5 % 51 % 0.57 27.4 % 39.4 % 0.47
DeMott et al. (2010) 0 to −37 ◦C 479 24 % 39.2 % 0.67 24 % 39.2 % 0.67 23.6 % 38.3 % 0.42
Niemand et al. (2012) −12 to −33 ◦C 438 33.7 % 53 % 0.58 31.7 % 53 % 0.64 46.9 % 70 % 0.41
Marine and K-feldspar −6 to −25 ◦C 354 56.7 % 74 % 0.62 54.9 % 75.9 % 0.64 61.6 % 78.7 % 0.5
Figure 10. Overestimation and underestimation of places according
to our two-species-based parameterization of INP (Atkinson et al.,
2013; Wilson et al., 2015). (a) Shows the places where we overes-
timate the values of INPs by more than 1.5 orders of magnitude.
(b) Similar to (a) but for places where the concentration is underes-
timated by more than 1.5 orders of magnitude. The location of the
points have been moved randomly in the plot for purpose of visual-
ization so it can be seen when the bias affects a single data point or
a whole data set.
terrestrial emission sources. However, even over Northern
Hemisphere regions influenced by dust, marine organic INP
concentrations exceed K-feldspar INP concentrations on 10–
30 % of the days when the temperature is within the mixed-
phase range and the total concentration of INPs is larger than
10−4 L−1. Similarly, K-feldspar cannot be ruled out as an
important source of INPs in the southern high latitudes be-
cause there are several days per month when the concentra-
tion of transported K-feldspar INP dominates over the pre-
vailing marine organics.
K-feldspar in our model can reproduce 70 % of the obser-
vations of INPs in terrestrial locations at low temperatures
(T <−15 ◦C) within 1.5 orders of magnitude. Because K-
feldspar is mainly a coarse aerosol type, it is scavenged more
rapidly than the clay fraction of desert dusts, and therefore
has substantially smaller influence on remote marine envi-
ronments in contrast with Atkinson et al. (2013) where dust
was not subject to wet removal. For remote locations, we find
that marine organic aerosols acting as INPs are able to repro-
duce a majority (80 %) of the observations within an order of
magnitude.
Our model of INPs based on emitted and transported
aerosol species provides a reasonable explanation of mea-
sured global INP concentrations, but there are some impor-
tant biases. The two-species model overestimates the concen-
trations of INPs in marine locations that are influenced by the
transport of K-feldspar-containing dust particles by around
1.5 orders of magnitude, although it is difficult to draw firm
conclusions from the small number of observations. Never-
theless, the bias points to the possible importance of missing
processes, such as the effect of atmospheric processing of
feldspar particles, a preferential scavenging of INPs as pro-
posed in Stopelli et al. (2015), or a possible overestimation
of the transport of this aerosol type. The model also under-
estimates measured INP concentrations at high temperatures
in some terrestrial locations. This bias is most likely to be
explained by neglecting the contribution of some terrestrial
biogenic aerosol species such as soil dust, fungal spores and
bacteria. The model bias is large at the surface, but some
studies show that some of these species are not important
for ice nucleation once in the atmosphere (Spracklen and
Heald, 2014; Hoose et al., 2010a) because of their low simu-
lated concentrations above the surface for heterogeneous ice
nucleation. These species, however, could be important for
triggering secondary production ice processes, such as the
Hallett–Mossop process, due to its high nucleation temper-
atures. In addition, other unknown sources of ice-nucleating
particles, such as biological fragments attached to mineral
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dust particles (O’Sullivan et al., 2015, 2016), could help ex-
plain underestimated INP concentrations in the model.
In summary, our results suggest that the inclusion of both
marine organic and feldspar emissions are required to ac-
curately simulate global INP concentrations. However, there
are still large uncertainties to be resolved, such as the impor-
tance of acid coating affecting the INP ability of K-feldspar
(Wex et al., 2014; Sullivan et al., 2010) or the relative im-
portance of soot for ice nucleation in the atmosphere, which
could lead to a possible anthropogenic effect on clouds.
Finally, we suggest that further experimental studies on the
ice-nucleating ability of different aerosol species, followed
by modelling studies of their importance in the atmosphere,
will be crucial for determining the possible importance of
other species for ice nucleation under atmospheric condi-
tions. In addition, more INP measurements in the ambient
atmosphere for different environments and seasons are nec-
essary to better evaluate and constrain models. Among those,
exploratory studies about the composition and type of ice-
nucleating particles in terrestrial environments at high tem-
peratures will be crucial to determine which species need to
be included in models.
Data availability. The data used in this study can be accessed
through the BACCHUS (http://www.bacchus-env.eu/in/info.php?
id=71) database of INP observations or by contacting the authors
of the cited studies.
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Appendix A: Marine organic emissions
In order to represent the distribution of submicron marine
organics aerosols, first we simulate the distribution of sea-
salt aerosols (SS) with GLOMAP mode for the year 2001.
Then we look at the correlation between the monthly mean
emission flux of sea-salt particles in the accumulation mode
(100 nm< r < 1 µm) and the monthly mean surface concen-
tration of submicron sea salt in the grid boxes correspond-
ing to Mace Head and Amsterdam Island. We then take
the grid boxes that score a correlation R > 0.9 and assume
that, as a first order approach, the emissions of these grid
boxes will drive the concentrations of submicron sea spray in
their corresponding stations (Fig. A1). Once these grid boxes
are identified for every station, we calculate the organic
mass fraction (OMF) in surface air (lowest model layer) at
both stations with modelled concentrations of sea spray and
measured concentrations of water insoluble organic matter
(WIOM) following Eq. A1.
OMF= [WIOM][SSmass] + [WIOM] (A1)
The WIOM in Mace Head data is obtained from Rinaldi
et al. (2013) by averaging measurements corresponding to a
few days (from 5 to 14 days) in every month. For Amsterdam
island, WIOM is derived from Sciare et al. (2009) using a
factor of 1.9 to convert from water insoluble organic carbon
to WIOM (Burrows et al., 2013). The chlorophyll a maps
correspond to monthly mean values obtained from GLOB-
COLOUR (Maritorena and Siegel, 2005), which made use
of data from three different satellites to merge their chloro-
phyll a maps and produce a final product with an enhanced
global coverage.
In order to develop a parameterization of the organic mass
fraction to be used in both hemispheres, we use the monthly
mean values of the chlorophyll a content in the grid boxes
that were previously related to each station, together with
the monthly mean reanalysis (ECMWF) wind speed at 10 m
over the surface (U10M) of these grid boxes and relate these
two variables to the organic mass fraction previously calcu-
lated (Fig. A2a). We then fit the OMF to a two-dimensional
equation with the wind speed and chlorophyll a content as
variables (Fig. A2b). This gives us a parameterization of
the OMF emitted with submicron sea spray that can fit our
model. In order to avoid unrealistic OMF values due to ex-
trapolation, we limit the maximum value of our OMF to 0.85.
The mass flux of marine organic material can then be from
the sea-salt flux following Eq. A5:
Fluxtotal = FluxSS+FluxWIOM (A2)
FluxWIOM = OMF ·Fluxtotal (A3)
Fluxtotal = FluxWIOMOMF (A4)
FluxWIOM = FluxSS ·OMF1−OMF . (A5)
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Figure A1. Linear correlation values between the monthly emission of submicron sea spray and their monthly concentrations in (a) Mace
Head, (b) Amsterdam Island. The dots represent the grid boxes related to every station because they have a value R > 0.9.
Figure A2. (a) OMF compared as a function of chlorophyll a content and surface wind speed for the monthly mean values in both stations.
The size of the points represent the mean chlorophyll a content of the grid boxes related previously to every station (Fig. A1), the colour of
the points is related to the wind speed of those grid boxes. Panel (b) shows the performance of the parameterization for reproducing the OMF
calculated with the simulated concentration of submicron sea salt and the observed values of WIOM. The parameterization for the OMF is
OMF= A× [CHL(mg m−3)]+B× [U10M(m s−1)]C +D with A= 0.241, B =−7.503, C = 0.075, D = 9.274.
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Appendix B: Calculation of INP concentrations
Assuming that the active sites from which ice nucleation can
occur under the singular description are randomly distributed
in the aerosol population, the probability of one particle hav-
ing a certain number of active sites (k) can be represented by
the Poisson distribution of Eq. B1.
f (k,λ)= e
−λλk
k! (B1)
Here, f is the probability of having k active sites in a particle
and λ represents the expected value of active sites per particle
at a certain temperature (T ). We can calculate the probabil-
ity of a particle immersed in a supercooled water droplet to
freeze it (P ) as the sum of the probabilities of having 1 or
more active sites in Eq. B2:
P =
∞∑
k=1
f (k,λ). (B2)
As the sum from k = 0 to k =∞ of Eq. B1 has to be equal
to 1, we can also represent this sum as Eq. B3:
P =
∞∑
k=0
f (k,λ)− f (0,λ)= 1− e−λ. (B3)
If we have a distribution of particles of the same size and
same density of active sites, this probability P will be the
same for all of them, and so the fraction of supercooled wa-
ter droplets that will freeze know as fraction frozen (ff), will
therefore be
ff= 1− e−λ. (B4)
We can then calculate the INP concentration as
[INP] = ff · [N ], (B5)
where [N ] represents the concentration of a certain type
of aerosol. For the case in which we have a density of active
sites distributed across the surface area of a particle depend-
ing on temperature ns(T ), we can calculate λ for a particle
of radius r as
λ(r,T )= 4pir2 · ns(T ). (B6)
Hence,
ff(r,T )= 1− e−ns(T )·4pir2 . (B7)
In GLOMAP mode, the size distribution of aerosols is rep-
resented in log-normal modes, and their probability density
function (PDF) is given by
PDF(r)= 1
r · ln(σ ) ·√2pi · e
−(ln(r)−ln(rm))2
2·ln(σ )2 , (B8)
where rm is the mean radius of the mode and σ the stan-
dard deviation of the mode.
The INP concentration is therefore the integral across all
the possible values of r for every mode, and it will change
for every temperature:
[INP]mode(T )=
∞∫
0
(1− e−4·pi ·r2·ns(T ))
·N · 1
r · ln(σ ) ·√2pi · e
−(ln(r)−ln(rm))2
2·ln(σ )2 dr. (B9)
In our case, we consider that just the soluble modes can
activate into water droplets, so the total INP concentration is
the sum of the concentrations for every soluble mode.
In the special case of having a value of λ small (λ < 0.1),
we can approximate the value of the fraction frozen (ff) using
a first-order Taylor series centred in 0:
ff≈ ffλ=o+ 11
∂ff
∂λ
∣∣∣∣
λ=0
· λ+ . . . (B10)
ffλ=0 = 1− e0 = 0 (B11)
∂ff
∂λ
∣∣∣∣
λ=0
=
[
− e−λ · (−1)
]
λ=0
· λ= 1 · λ (B12)
ff≈ λ. (B13)
In other words, if the number of active sites is small com-
pared with the number of particles, we can approximate the
number of particles having one or more actives sites, to the
number of active sites. And the INP concentration can be cal-
culated as follows:
[INP](T )≈ λ(T ) · [N ]. (B14)
Appendix C: INP data set
The data set used in this study is a compilation of pub-
lished and unpublished data provided by different groups
contributing to the BACCHUS data set of INPs (http://www.
bacchus-env.eu/in/index.php). Table C1 shows a summary of
the data sets. We note that a study from Bigg (1996) reported
INP concentrations in the high Arctic. We could not include
it in our database as the exact locations could not be obtained.
However we note that the range of concentrations reported by
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Table C1. Table of the data sets used for this study.
Campaign/data set Location Marine or terrestrial Data points References
Bigg73 Australia Terrestrial 24 Bigg (1973)
CLEX Eastern Canada Terrestrial 60 DeMott et al. (2010)
Yin China Terrestrial 21 Yin et al. (2012)
ICE-L Ambient Central USA Terrestrial 31 DeMott et al. (2010)
DeMott2016 Marine locations Marine 44 DeMott et al. (2016)
Conen_JFJ Jungfraujoch Terrestrial 6 BACCHUS Conen et al. (2015)
Mason2016 terrestrial Terrestrial locations Terrestrial 15 Mason et al. (2016)
KAD_South_Pole South Pole Terrestrial 8 BACCHUS Ardon-Dryer et al. (2011)
ICE-L CVI Central USA Terrestrial 27 DeMott et al. (2010)
Rosisnky Gulf of Mexico Marine 5 Rosinski et al. (1988)
Bigg1973 Southern Ocean Marine 102 Bigg (1973)
Conen_chaumont Chaumont Terrestrial 7 BACCHUS Conen et al. (2015)
AMAZE-08 Amazon rainforest Terrestrial 63 DeMott et al. (2010)
INSPECT-I Central USA Terrestrial 13 DeMott et al. (2010)
Mason2016 Marine Marine locations Marine 6 Mason et al. (2016)
KAD_Israel Jerusalem Terrestrial 16 BACCHUS Ardon-Dryer and Levin (2014)
INSPECT-II Central USA Terrestrial 11 DeMott et al. (2010)
Bigg (1996) (from 13 to 2.9 m−3 at −15 ◦C) are close to our
simulated values using feldspar and marine organics (from
7.4 to 0.1 m−3) during the months of the campaign (August
to October). The data sets obtained through the BACCHUS
project database are labelled “BACCHUS” in Table C1. The
data sets corresponding to long-term measurements in a sin-
gle location were resized to account for a single data point at
every temperature. This is done in order to avoid statistical
overweighting of a single location or campaign.
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